In this paper, we present a first principles high throughput screening system to search for new water-splitting photocatalysts. We use the approach to screen through nitrides and oxynitrides.
I. Introduction
Since the discovery of the first photocatalytic water splitting system based on TiO 2 and Pt in 1972 by Fujishima and Honda [1, 2] , the photocatalysis of water splitting has become an active research area and a promising way to capture and store energy from the Sun. More than 130 inorganic materials have been demonstrated to exhibit such photocatalytic performance [3] . However, the overall efficiency of current water-splitting photocatalytic devices is still well below a commercially-viable level [3] . The primary objective in the field is to find new materials with higher efficiency.
High throughput computational screening whereby one computationally assesses key properties of a large number of compounds for a given application has shown its merit in many fields, such as the design of new battery materials [4] [5] [6] [7] , thermoelectric materials [8, 9] , piezoelectric materials [10] , and organic photovoltaic materials [11] [12] [13] . The development of 2/30 ab-initio property prediction methods and their automation makes it possible to examine thousands of material candidates for a few desired properties [14, 15] .
In this paper, we screen compounds using high throughput computational methods by focusing on three significant properties of water-splitting photocatalysts: (1) the crystal structure and its thermodynamic phase stability (versus competing solids and gases); (2) the band gap; (3) the conduction band (CB) and valence band (VB) edge positions relative to the H 2 /H 2 O and O 2 /H 2 O levels in water. For each property, a first principles computational method has been developed which has a low enough computational cost but an adequate accuracy so that it can be used in a high throughput search. By integrating them, we thus design a 3-tier high throughput screening system as following: (a) a phase stability screening to eliminate candidate compounds which are not stable enough to be synthesizable; (b) a band gap screening to eliminate all candidates with a too large or too small band gap; (c) a screening of band edge position in aqueous environment to eliminate candidates whose CB or VB position are not suitable for water splitting. The details of the screening system are introduced in the Section II.
We choose oxynitrides as the major chemical space to implement the screening system in this work. So far, most of the existing photocatalysts are oxides [3] . However, the band gaps of oxides are usually too large to absorb visible light [3, 16] . This is mainly due to a too low VB energy which is derived from the 2p orbitals of the Oxygen atoms [16] . To solve this problem, non-oxides such as nitrides and sulfides have been proposed, since their VB position is usually higher in energy. Unfortunately, nitrides usually suffer from poor aqueous stability [17] , and cannot maintain photocatalytic activity in water over a long period of time.
As a result, oxynitrides have been lately proposed [16] , as a balance between band gap reduction and aqueous stability.
In this paper, we screened 2948 different candidate compounds including 68 binary nitrides, Figure 1 . High throughput screening approach for water-splitting photocatalysts II. Method Fig.1 illustrates the high throughput screening approach in this paper. All computations are based on density functional theory (DFT) [21, 22] and are performed with projector 4/30 augmented wave (PAW) [23] potentials using the plane-wave code Vienna Ab-initio Simulation Package (VASP) [24, 25] . For computations in step 1 and 2 in Fig.1 , we use the Perdew-Burke-Ernzerhof (PBE) [26] GGA+U exchange-correlation functional unless specified otherwise, with all parameters as in Jain et al. [14] . For computations in step 3, we use PBE GGA with all parameters as described in ref. [27] .
Generation of the candidates
In this step, we generate the candidate compounds for the screening. [19] to identify possible novel compounds. Since the oxynitrides space has not been as exhaustively searched with experiments as other chemistries (e.g. oxides), it is likely that there are a large number of novel compounds to be found. We used a previously developed approach based on ionic substitutions to propose new likely ternary and quaternary oxynitrides [19] . This approach uses information about the substitution probability of ions ---obtained by datamining all known crystalline compounds ---to come up with suggestions for novel compounds. we only considered a list of known ternary oxides photocatalysts in ref. [3] 2- according to the probabilistic model in ref. [19] .
The amount of O and N to be substituted in each compound was determined by balancing the charge of the cations. There is however still a remaining degree of freedom in the exact ordering of O 2- and N 3- on the anion sites. We enumerated the different O using an algorithm similar to the one developed by Hart et al. [28] and selected the ones leading to the smaller cells and the larger number of N-N bonds, as the ordering of oxynitride anions has been recently shown to be driven by this factor [29] . For each candidate compound, we computed with DFT all selected orderings and only considered the one with lowest energy. It is worth noting that each possible compound also had to pass the stability screen in its relevant composition space (step 1 in Fig.1 ) in order to be considered further.
Besides the oxynitrides, we included all binary nitrides M-N with M being a transition metal or semi-metal cation from the ICSD into the screening as well. Thus, in sum, we prepared 3 batches of candidate compounds, binary nitrides (M-N), ternary oxynitrides (M-O-N) and quaternary oxynitrides (M1-M2-O-N).
Phase stability screening
Phase stability is an essential component of high-throughput materials discovery as new proposed candidates need to be stable enough to be synthesizable. To assess if a compound is stable at zero K, we compared its energy versus the energy of other phases or their linear combinations. This can be technically achieved through the convex hull construction [30] . Not only does the convex hull construction indicate if a compound is stable versus competing phases but this construction can be used to assess how unstable a compound is. Therefore, we 6/30 define the instability energy ΔH, in meV/atom, as the negative of the decomposition reaction energy to the stable phases. Stable compounds have an instability energy ΔH equal to zero and the larger the instability energy ΔH, the less stable the material is.
We performed this stability analysis for all compounds considered in this work. The possible competing phases were mainly obtained from the ICSD [18] . More details on the parameters used for the computations can be found in Jain et al. [14] . In addition, we used a recently developed scheme to mix GGA and GGA+U computations [31] as oxides and oxynitrides computations are usually performed with GGA+U while all nitrides have been computed with GGA.
In this screening, we eliminated all compounds with an instability energy ΔH larger than 36 meV/atom. We obtained this threshold energy by doing a brief analysis of the instability energy of compounds in the ICSD. We find that more than 80% of the ICSD compounds have an "instability energy ΔH" less than 36 meV/atom. Since the "ICSD compounds" have, in principle, all been synthesized, we consider this threshold to be reasonable to find compounds that can be made.
Band gap screening
In this step, we compute the band gap of the remaining candidates and eliminate those with unsuitable band gaps. Since the band gap computed from Kohn-Sham levels is usually lower than the experimental band gap by 30% ~ 100% [32] , this approach cannot be used for band gap screening. Alternatively, we use the Δ-sol method [32] to determine the gaps. The Δ-sol method, motivated by the dielectric screening properties of the homogeneous electron gas, determines the fundamental gap from DFT total energies of systems with an electron or a hole added within the screening radius of the material. Unreliable Kohn-Sham levels are not involved in the determination of the gap, and gross underestimation of band gaps is avoided.
When tested across a large number of compounds with diverse chemistries, the Δ-sol method gave a mean absolute error of 0.2 eV for the gap [32] . In addition, the method requires three DFT total energy computations so it is acceptable in terms of computational cost. More 7/30 detailed information is available in ref. [32] .
In this screening step, we eliminate all candidates with band gaps lower than 1.3 eV or higher than 3.6 eV. The theoretical lower limit of the band gap for a water-splitting photocatalyst is 1.23 eV [3] but an over-potential of 0.25 eV or more is usually required [33, 34] . Therefore, the lowest possible band gap in practice is around 1.5 eV. We further take the mean error of the Δ-sol method, around 0.2 eV, into account and finally set the lower threshold to 1.3 eV. The upper threshold is more flexible. For visible light absorption, 2.7 eV could be a good upper limit. However, we extend the upper limit to 3.6 eV to also capture any interesting oxynitride materials that absorb outside visible light region.
Screening of band edge positions in aqueous environment.
In this step, we compute the CB and VB band edge positions in aqueous environment and compare them with the H 2 /H 2 O and O 2 /H 2 O levels in water. We used an earlier developed 3-step method which was reported in ref. [27] . In this method, the relevant energy levels (e.g. the CB of the semiconductor, and the H 2 /H 2 O level in water) at the interface are considered as the corresponding bulk energy levels subjected to the interfacial band bending effect. Ref. [27] demonstrates that, for calculating the relative position between CB and H 2 /H 2 O level at the interface, it is sufficient to separately compute the following three properties: the semiconductor's CB position relative to its Hartree potential; the H 2 /H 2 O level relative to water's Hartree potential; and the Hartree potential difference between the semiconductor and water in an aqueous environment. When tested on six typical photocatalysts, the method gave a mean absolute error of 0.19 eV for the band edge positions. More detailed information is available in ref. [27] . Once we obtain the CB position relative to H 2 /H 2 O level in water, it is straight forward to obtain the VB position relative to O 2 /H 2 O level since the band gap has been computed in the previous step.
The photocatalytic water-splitting process is energetically favorable only if the CB is higher than the H 2 /H 2 O level and VB is lower than the O 2 /H 2 O level. (Here and throughout this paper, "higher" always refers to more negative in the Normal Hydrogen Electrode reference 8/30 while "lower" always refers to more positive in the NHE reference.) If this is not the case, then an external bias voltage is required to shift the bands to the right positions. However, applying an external bias voltage increases the complexity of the device and more importantly requires energy input to the device thus reducing the efficiency. As a result, too large a bias voltage should be avoided. We set the threshold of the allowed bias voltage as 0.7V and eliminate all candidate whose CB is 0.7 eV lower than the H 2 /H 2 O level or whose VB is 0.7 eV higher than the O 2 /H 2 O level in water as shown in Fig.2 . Table 1 . O", the number indicates how much the band edge is higher (more negative in the NHE reference) than the corresponding water level. Therefore, a positive number in the "CB vs. H 2 /H 2 O" column and a negative number in the "VB vs. O 2 /H 2 O" column is the optimum case as that indicates that the CB and VB are bracketing the water redox levels and no bias voltage is needed.
The first three nitrides in Table 1 , GaN, Ge 3 N 4 and Ta 3 N 5 are known as water-splitting photocatalysts [17, 44, 45] . Only for Ta 3 N 5 have the band edge positions been experimentally 10/30 measured [16] , and these values are included in Table 1 shown in Fig.5 . As most of these compounds are computationally designed, it is not surprising that many of them are not stable as indicated by their large ΔH for decomposition in Fig. 5(a) . in the ICSD. Moreover, we will show in the Section IV that the required oxidizing power for these four cations are indeed the highest among all cations listed in Fig.5 . Fig.5 Table 2 . Among the four ternary oxynitrides, TaON is a well known water-splitting photocatalysts [16] . Its band edge positions have been experimentally measured [16] and are given in Table 2 for comparison. Zr 2 ON 2 , while not present in the ICSD, has been reported as a promising material for photo-electrochemical water-splitting [46] . And the reported bixbyite structure for this compound is the same as our prediction, showing some validity of our structure prediction approach. Their crystal structures are compared in Fig.6 . The instability energy ΔH is 31 meV/atom for elements for which we find compounds with ΔH less than 0.2 eV/atom. We mentioned in , we have not found any corresponding quaternary oxynitrides in Fig.8 . This is because that, as we mentioned in Section II.0, our sampling in quaternary oxynitrides is not exhaustive but only based on a limited prototypes of ternary oxides listed in ref. [3] . It is possible that stable Zr 4+ and Ga 3+ quaternary oxynitrides exist but they cannot be derived from the prototypes we considered in this work. Another consequence of the limited 16/30 sampling in quaternary oxynitrides is that some known quaternary oxynitride photocatalysts (SrNbO 2 N [48] for instance) were not reproduced by our screening since they could not be derived from the prototypes we considered. [52] have been reported as water-splitting photocatalysts. Experimentally measured band gaps for CaTaO 2 N, SrTaO 2 N, and BaTaO 2 N are reported as 2.4 eV, 2,1 eV, and 1.8 eV respectively and our calculated band gaps for these three compounds, 2.53 eV, 2.26 eV and 1.90 eV respectively, agree well with them. Moreover, the calculated band edge positions of these three compounds suggest that their VB are actually higher than the O 2 /H 2 O level. Therefore, they are unsuitable for photo-catalyzing the O 2 evolution reaction without an external bias 17/30 voltage. This result may explain the experimental observation that only H 2 evolution reaction is photo-catalyzed by CaTaO 2 N, SrTaO 2 N, and BaTaO 2 N in ref. [49] . comes from a substitution of Li for Na in Na 5 MoO 4 N. We compared their crystal structures in Fig.9, Fig.10, Fig.11, and Fig.12 respectively. The instability energy ΔH for Ba 3 
IV. Discussion
We demonstrated in this paper a high throughput computational screening for the design of Our screening does not consider kinetic properties either, but they also affect the performance of photocatalysts. For instance, one major issue for hematite Fe 2 O 3 , a promising visible light driven photocatalyst, is its poor charge carrier diffusion [56] . Defect related properties are also not considered in this paper. Defect formation energy and defect concentration are closely related to the charge carrier recombination rate and lifetime, thus having an effect on the efficiency of the device. Dopability suggests to which extent the material can be engineered for a given dopant and also indicates how strong the innate P-N junction field could be designed to help the electron-hole separation. For these properties, the ab-initio predictions are often too expensive to be included in a high throughput screening system, but they could 22/30 be investigated specifically for the new candidates. Another limitation is that, in this paper, the properties are predicted under dark condition. However, a photocatalyst works in an illuminated environment, and thus some of its properties such as band edge positions may change accordingly. , and Sb
5+
do not form any stable ternary oxynitrides. We believe this is because the required oxidizing power for these cations is too large to achieve with Nitrogen. Fig.14 (2) we used the GGA+U based Δ-sol method [32] for computing the band gaps, and the U value is typically different between oxynitrides and oxides, so even if we compare the computed gaps of oxynitrides to the computed gaps of binary oxides, the comparison would not be consistent as it is based on different U parameters. A histogram of the band gap reduction for all generated ternary oxynitride compounds is shown in Fig.15 . Note that we only generated ternary oxynitride containing d 
V. Conclusion
In this paper, we presented a high throughput first principle approach to search for new water-splitting photocatalysts, and applied it to oxynitrides and some nitrides. Most of the known photocatalysts materials in the screened chemical space are reproduced, proving the validity of the approach. In addition, sixteen new materials are suggested as promising photocatalysts, including three binary nitrides, two ternary oxynitrides and eleven quaternary oxynitrides. They have been either synthesized experimentally or predicted, by our approach,
